The rotor-rotor interaction on a two-stage counter-rotating fan has been studied by unsteady numerical simulation based on nonlinear harmonic method. The results show that the efficiency of the 2 nd blade row above 55% span is reduced. Additionally, the unsteady effects increase the efficiency of the 2nd row below 55% span. Further analysis reveals that the unsteady benefits result from the wake boundary layer interaction, which could enhance the exchange of energy between boundary-layer and mainstream, suppress the hub corner separation
Introduction
With higher and higher demand for the performance of aircraft, the aeroengine is designed more and more compact. The counter-rotating technology has been considered to be a feasibility and valid solution, which simplifies the construction by canceling the stators and improve the thrust-weight ratio. In the last decade, more and more researchers concentrated their attention to counter-rotating compressor/fan. For instance, Freedman designed a three-stage counter-rotating compressor [1] . The total pressure ratio of this compressor has reached to 27, which is far higher than conventional compressor. Also, Liu Bo [2] , Eberhard [3] et al. do some researches on counter-rotating compressor. But, little research conducted on the unsteady effects of counter-rotating compressor/fan. However, because of the absence of the stators, the relative rotation speed between two counter rotating rows is much higher than the conventional compressor/fan, which leads to the stronger blade row interaction. So investigation on unsteady interactions among rows is of great engineering significance.
This article studied the unsteady effects in a two-stage counter-rotating fan by means of numerical simulation based on Nonlinear Harmonic method (NLH). And the wake-boundary layer interaction was discussed.
Test case and solution method
NLH is an efficiency approach for unsteady numerical simulations, which is proposed by He and Ning [4] . The main idea is that the unsteady flow variables are decomposed into a time-averaged value of the flow and an unsteady perturbations. And the perturbations would be casted into the frequency domain by Fourier series. So from the basic idea, NLH is very suitable for the periodic unsteady flow, for example, the topic in this paper (unsteady effects between a couple of counter-rotating blade rows).
The simultaneous equations of NLH method consists of 2N (perturbation equations) and one(time-averaging equation). By employing the phase-lag boundary condition, the NLH unsteady calculation can be conducted on a single-passage mesh. As a result, theoretically, the amount of unsteady computation is approximately as 2N+1 as that of steady.
The accuracy and stability of NLH method has been validated by Knapke [5] . Adopting commercial software NUMECA, Knapke simulated the flow field of a counter-rotating aspirated compressor by NLH and conventional unsteady method. The comparison of the flow fields of NLH, unsteady and experiment shows that NLH can capture the unsteady rows interactions accurately. Basing on the validation of Knapke, this article applies NLH method to simulate the unsteady flow field by NUMECA software. As for solution method, the central difference method and four stage Runge-Kutta method with second-order accuracy has been applied in this article. In order to reduce time cost, local time stepping, implicit residual smoothing and multigrid techniques are employed to accelerate convergence. The one-equation S-A model is chosen as turbulence model to calculate turbulence viscosity coefficient.
The counter-rotating fan in this article is very small with a hub and casing radii of 20 mm and 75 mm respectively. The rate of flow and total pressure ratio at design point is 3.4 kg/s and 1.4. Before simulating this fan with NLH, we should know the frequencies of unsteady disturbance. In multi-stage environment, the kth frequencies of jth row could be given by:
,
where BPF means blade passing frequency, NR is blade count. The n k,i represents k sets of user-defined integers that drive the frequency combinations. The number of harmonic should be large enough to make sure sufficient accuracy. According to Hembera [6] , a three-harmonic simulation can capture the unsteady effects between rows well. In this article, upstream and downstream disturbances have been represented by five harmonic frequencies each other, which guarantee the reliability of numerical simulation.
Because of the adoption of phase-lag condition, it is enough to use single passage grid. The O-4H mesh topology has been applied to generation of grid, with an O-type mesh around blade surface. The grid number for row 1 and row 2 are 1,088,595 and 1,068,807 respectively with 97 grid points at radial direction. The y+ on blade surface is guaranteed to be less than 5 to capture an accurate boundary layer flow.
Results and Analysis

Fig. 1 Lift fan characteristic: NLH and Steady results
In this article, the harmonic balance unsteady computation and steady computation are proceeding with the same mesh described above. The operating map of lift fan from NLH and steady are compared in Fig. 1 . We can see that, at choke operating point, the performance from NLH is agree with the steady one. However, near stall point, the total pressure ratio and efficiency from the NLH method are lower than that from steady calculation. And be closer stall point, the difference between two methods become larger. It shows that the unsteady effects have a negative impact on the performance of the lift fan.
For further analysis of this phenomenon, this article compares the results from both steady and NLH at the near design point (A point in Fig. 3) , denoted by ND, and near stall point (B point in Fig. 1 ), denoted by NS, which have the same imposed static pressure at outlet respectively. Fig. 2 shows the distribution of efficiency of row 1 and row 2 along span at ND and NS. From Fig.2 , it can be found that the efficiency distributions of the first row (R1) along span computed by NLH and steady are almost completely coincident while that of the second row (R2) have the apparent differences between two methods, especially at NS condition. This result demonstrates that the impact that the row interaction have on R1 is much weaker than that on R2. The reason is that the circumferential non-uniformity at inlet R2 is caused by the wake of first rotor. Rotor wake is accompanied with entropy production. So the disturbance of R2 from upstream is the entropy disturbance. The entropy disturbance convects at the speed of local flow velocity, running downstream. As a result, the downstream of entropy disturbance of R2 changes more in efficiency. Specifically, the unsteady effects make the efficiency between 55% span and 95% span reduced and make the efficiency at 15%~55% span increased. And this unsteady effects at NS condition is much more obvious. According to the work about the wake-boundary interaction which is done by Volino [7] , the augment of loss production should be attributed to the wake-shock wave interaction near blade surface, while the increased efficiency at 15%~55%span is due to the interaction between wake and the hub corner separation.
Conclusion
This paper applies nonlinear harmonic method to simulate the original designed two stage counter-rotating fan. The unsteady characteristic, row interaction and wake spread have been studied, the analysis shows that the unsteady interaction between two blade rows has evident effects on the flow field of R2. And the upstream wake plays a dominant role in the unsteady effects, which would enhance the exchange of energy between boundary and mainstream, suppress the flow separation and increase the loss in the boundary layer. So it is possible and meaningful to study how to make use of upstream wakes.
